Abstract. The similar cosmological abundances observed for visible and dark matter suggest a common origin for both. By viewing the dark matter density as a dark-sector asymmetry, mirroring the situation in the visible sector, we show that the visible and dark matter asymmetries may have arisen simultaneously through a first-order phase transition in the early universe. The dark asymmetry can then be equal and opposite to the usual visible matter asymmetry, leading to a universe that is symmetric with respect to a generalised baryon number. We present both a general structure, and a precisely defined example of a viable model of this type. In that example, the dark matter is "atomic" as well as asymmetric, and various cosmological and astrophysical constraints are derived. Testable consequences for colliders include a Z ′ boson that couples through the B − L charge to the visible sector, but also decays invisibly to dark sector particles. The additional scalar particles in the theory can mix with the standard Higgs boson and provide other striking signatures.
DM asymmetry arising from a subsequent reprocessing which leaks a portion of the visible charge into the dark sector, (ii) vice-versa, or (iii) both asymmetries arise simultaneously from a common origin.
In the first two possibilities, the VM and DM final asymmetries add up to the original asymmetry generated in one of the sectors at high energies, with the distribution of charge determined by chemical equilibrium between the two sectors at an intermediate scale. In the third case, the VM and DM simultaneously develop asymmetries which compensate each other under a generalised conserved particle number that is common to both VM and DM, so that the relationship between the two asymmetries is completely understood and extremely tight. It is then appropriate to talk about a "baryon-symmetric universe", where by "baryon number" we mean precisely this always conserved generalised particle number. The baryonic and antibaryonic charges are separated into the visible and the dark sectors respectively through non-equilibrium dynamics in the early universe. In all of the above cases, the transfer operators responsible for the generation, sharing and/or separation of charge are decoupled in the low-energy late universe, and the asymmetries of each sector are thus conserved separately.
In this work we explore this possibility of a baryon-symmetric universe, first introduced in Refs. [1] [2] [3] . Previous papers have constructed examples of such scenarios using out-ofequilibrium heavy particle decays [4] [5] [6] [7] [8] [9] [10] [11] [12] with such scenarios termed "hylogenesis" [10] ; the QCD phase transition [13] ; asymmetric freeze-in [14] ; the Affleck-Dine mechanism [15] [16] [17] with those scenarios termed "pangenesis" [15] -and a time-dependent background of a light scalar field [18, 19] . Here, we show that one of the generic ways to produce a particle number asymmetry -bubble nucleation due to a first-order phase transition -can also be used in the baryon-symmetric universe context.
We emphasise that while all ADM models relate the visible and dark asymmetries, the dynamics involved is quite different from model to model. This is important, not only from a model-building perspective, but also because of the different observational signatures. The most generic property of baryon-symmetric models is that there is an always conserved particle-number symmetry. Because it is always conserved, it is natural that it be a gauge symmetry. The corresponding gauge boson can then potentially be discovered in colliders and identified by its invisible decay into dark sector particles. We discuss the importance of this and other probes further in section 5. Other significant signatures of baryon-symmetric models -albeit more model-dependent -include baryon destruction in the core of compact objects, and induced nucleon decay in DM direct-detection experiments [93] . In view of the above, it is important to distinguish between the scenario we present here, and that of hidden sector baryogenesis via bubble nucleation explored in Refs. [42, 58, 66] , in which there is no unbroken particle number carried by both VM and DM.
To connect the VM and DM mass densities, two ingredients are needed. The first, as discussed above, is a close connection between the two asymmetries, and the second is a theory of the DM mass scale. It is sensible to first investigate generic ways of connecting the asymmetries, and then to think through different hidden sector possibilities for the DM. Our focus here is thus be on connecting the asymmetries. For the purposes of illustration, we present an example of a fully-specified dark sector, but one must recognise that a plethora of dark sectors are a priori possible. We do not investigate the deep problem of relating the DM mass scale to VM mass scales in this work. As for most other asymmetric DM models, our scheme motivates the existence of a GeV-scale DM mass, with some encouragement provided by results from the DAMA, CoGeNT and CRESST direct detection experiments.
In the next section we explain the very simple symmetry structure underpinning our model and indeed all models of a baryon-symmetric universe [15] . Section 3 then details our model. In section 4 we discuss cosmological and astrophysical constraints pertinent to most models which introduce a separate dark sector. We discuss observational signatures in section 5, and finish with some concluding remarks.
2 Symmetry structure for a baryon-symmetric universe
The visible-matter content of our present universe is understood in terms of the symmetries of the SM. In the SM, baryon number is conserved up to anomalous interactions that are irrelevant at zero temperature. This is the main reason for the stability of ordinary matter, ensuring the stability, or near-stability, of the proton, the lightest particle carrying baryon number. Baryon number in the SM is additively conserved, and thus stabilises the proton both against decay and against self-annihilation. The SM possesses two other additively conserved Abelian charges, the electric charge and the lepton number, which are responsible for the stability of the electron and the lightest neutrino 1 respectively. However, most of the mass density of the VM today is due to protons and heavier nuclei.
Let us call the baryon number of the ordinary sector B 1 . We now make the hypothesis that the stability of the DM particle is due to an analogous U(1) symmetry, sustaining a conserved, or approximately conserved, "dark baryon number", which we call B 2 . Additional stable particles may exist in the dark sector, due to extra U(1) symmetries, in analogy to the electron and the lightest neutrino.
If we are to ever understand the baryon asymmetry of the universe, we must suppose that B 1 conservation did not hold for some period during the early universe (and it may not hold today, but its zero temperature, low-energy violation must be very weak indeed). Similarly, asymmetric DM requires that B 2 was once violated under the appropriate conditions for the creation of a dark-sector asymmetry. Now consider the linear combinations
Suppose that B is strictly conserved during the epoch of asymmetry generation, and defines a generalised particle number encompassing both the ordinary and the dark sectors that we simply call "baryon number". By "baryon symmetric universe" we mean "B symmetric". In this case, we require the violation only of the orthogonal linear combination, X, alone in the early universe, and its restoration today. The Sakharov conditions can be used to guide the construction of mechanisms for generating a nonzero X asymmetry, while maintaining the B number of the universe as zero. If so, we get an automatic separation of baryon number between the ordinary and dark sectors,
In this way we have recast the baryon-asymmetry problem as the X-asymmetry problem. The restoration of X in the low-energy late universe, together with the conservation of B, ensures the stability of both VM and DM.
The discussion above took B 1 to be the ordinary baryon number, the symmetry that stabilizes the proton. But, in fact, B 1 could be any linear combination of the ordinary baryon and lepton numbers, except for their sum. The extreme case is when B 1 is actually lepton number, which means that X asymmetry generation is then leptogenesis as far as the visible sector is concerned. This is acceptable, of course, because electroweak sphalerons will process the lepton asymmetry partly into an ordinary baryon asymmetry, and the same will hold for all other linear combinations (barring the sum, which would be washed out). These observations are potentially very important, because the deep reason for the conservation of what we called B in Eq. (2.1) may well be that it is anomaly-free and gauged, in which case B 1 might be better thought of as ordinary baryon-minus-lepton number (B − L) 1 . In the explicit model we present in the next section, we shall indeed suppose that "B" is gauged, and we shall rename it B − L to honour that fact.
Of course, no massless gauge boson that couples to the visible sector as (B − L) 1 has been observed. This compels the breaking of the local B − L. We require that this breaking leaves a remnant global symmetry unbroken, which for all of the visible and dark sector fields is identical to B − L = (B − L) 1 − B 2 . We discuss the breaking of the gauged B − L in section 3.4.
The mechanism and its cosmological history
We now introduce the dynamics and the particle content of our mechanism, and describe its cosmological history.
In the electroweak baryogenesis scenario, the electroweak phase transition is first-order, proceeding via the nucleation of bubbles of the electroweak-symmetry-breaking vacuum, which eventually coalesce to produce an approximately homogeneous universe in the broken phase. During the transition, baryon-number violation is occurring rapidly in the unbroken phase regions due to the sphaleron effect, while it is ineffective in the broken-phase bubbles. The moving bubble walls lead to departures from thermal equilibrium, and SM fermions interact with the bubble walls via C and CP violating Yukawa interactions. The Sakharov conditions are met, and a baryon asymmetry is generated.
We want to use this kind of dynamical setup to generate an X asymmetry without generating a B asymmetry, hereinafter renamed "B − L" and assumed to be gauged. We therefore need a sector which features a non-Abelian gauge force with respect to which X is anomalous, but B − L is not. The sphalerons of this new gauge force, which we call the "generative interaction", will then mediate X-violating processes, and we arrange for the generative interactions to be spontaneously broken during a first-order phase transition prior to the second-order electroweak phase transition. 2 For the purposes of dark and visible matter genesis, we may discern three sectors in our theory:
(i) the ordinary or visible sector, which contains particles with B − L = X or B 2 = 0, (ii) the dark sector, which contains particles with B − L = −X or (B − L) 1 = 0, and (iii) the generative sector, which contains particles charged under both (B − L) 1 and B 2 .
We arrange for the X asymmetry produced in the generative sector to cascade down to the lightest visible and dark sector particles via X and B − L conserving interactions of the form: generative → visible + dark, resulting in equal and opposite visible and dark sector asymmetries.
The particle content of our model consists of the SM plus the new fermions and scalars in Table 1 and the associated new gauge bosons. Most of this table defines the generative and dark sectors, with the fermions f L,R being additions to the visible sector. The SM sector is understood to contain the physics of neutrino mass generation, which we leave unspecified because there are many possibilities. However, we assume the existence of three right-handed neutrinos to cancel the cubic B −L anomalies and gauge B −L. The dark sector content, including the dark U(1) D interaction, is a minimal choice for a viable asymmetric DM scenario, as will become clear in section 3.3. There must also be dynamics for breaking the gauged U(1) B−L , leaving a remnant stabilising global symmetry, as mentioned in section 2. We discuss the B − L breaking in section 3. 4 The interactions and the degrees of freedom of Table 1 represent minimal choices, sufficient to illustrate the mechanism and provide a viable dark sector. More elaborate structures can, of course, be built and provide elegant solutions to various secondary issues that will arise during our discussion.
The generative sector
The generative sector has the gauge symmetry SU(2) G and the global symmetry U(1) X . Its matter content consists of the chiral fermions ψ Yukawa-coupled to the scalar multiplet ϕ, as per
whereφ ≡ iτ 2 ϕ * , and V G (ϕ) is a scalar potential for ϕ. There need to be at least two families of the ψ fermions for there to be CP-violating phases in these Yukawa interactions, and an even number of families is required to cancel the SU(2) G Witten anomaly [94] . For N families, the four Yukawa matrices in Eq. (3.1) contain a total of 4N 2 phases. The rephasings of ψ L , ψ 1R , ψ 2R and ϕ will remove 3N + 1 phases, leaving (4N + 1)(N − 1) physical CP-violating phases. The minimal choice N = 2 is free of the Witten anomaly and has nine physical CP-violating phases.
None of the fields in the generative sector carry B−L or D. The global symmetry U(1) X , which is the fermion number of the generative sector 3 , has an [ SU(2) G ] 2 U(1) X anomaly, as required. Sphalerons of SU(2) G mediate rapid X-violating processes before the SU(2) G phase transition takes place, driven by the spontaneous-symmetry-breaking dynamics of ϕ that completely break the generative SU (2) .
We arrange the parameters of the Higgs potential for ϕ to produce a first-order phase transition in the generative sector at a critical temperature T c ∼ ϕ ≡ v ϕ , which is at the TeV scale or above. Bubbles of broken SU(2) G phase are nucleated, and we are free to choose the parameters so that the phase transition is very strongly first order. In that case, the rapid SU(2) G sphaleron-mediated X-violating transitions in the remaining unbroken-phase regions, which occur at the rate [95] Γ G sphaleron ≃ 30 α
get switched off as soon as a bubble-wall passes. The parameter α G is the generative fine-
, where g G is the gauge coupling constant. The ψ fermions interact with the moving bubble walls through the CP-violating Yukawa interactions of Eq. (3.1), creating an X charge carried by those fermions. The competing washout process is very ineffective if the transition is strongly first order. By choosing the CP-violating phases appropriately, we are able to generate an X asymmetry of the required size,
where s is entropy density of the universe. That this is possible is clear from the extensive literature on electroweak baryogenesis [92] , the dynamics of which we are mimicking here. After the phase transition is complete, the ψ fermions have acquired masses m ψ ∼ hv ϕ and the SU(2) G gauge bosons have masses
The ψ fermions now begin sharing the X asymmetry with the visible and dark sector particles f and χ, and the visible and dark degrees of freedom they couple to, through the Yukawa interaction
For reasonable values of κ, this interaction keeps the generative sector in equilibrium with the visible and the dark sectors, down to temperatures below the generative phase transition and till about T ∼ m ψ /2, when the ψ inverse decays freeze out. At that temperature, the abundance of the ψ fermions has become thermally suppressed, and they only carry a small portion of the X asymmetry, having transmitted most of it to relativistic visible and dark sector particles. Moreover, the remaining population of ψ fermions will decay, transferring 3 Note that the gauge symmetries and the number of families allow the mass terms ψ c L ψ L , ψ c R ψ R , which violate U(1)X . We impose U(1)X and eliminate these terms. Although in this model U(1)X is not accidental, a more elaborate symmetry structure could give rise to an accidental, and anomalous, U(1)X. the X asymmetry entirely into equal and opposite B − L asymmetries in the visible and the dark sectors. If the decay of ψ into χ and f is kinematically possible, it will be completed above the electroweak phase transition provided that
which, for T EW ≈ 200 GeV, leads to the weak constraint
If ψ → f χ is not kinematically allowed, ψ can decay via off-shell χ and/or f particles into lighter particles to which they couple. In this model, it is important that the transfer of the X asymmetry to the visible and dark sectors occurs before the electroweak phase transition, because, as we shall see in the next section, the coupling to the visible sector is leptonic, and the action of the electroweak sphalerons is required to process the lepton asymmetry into visible baryonic charge. The single physical Higgs particle remaining from the ϕ multiplet can decay into, for example, electroweak Higgs bosons through a Higgs potential coupling term, and the G gauge bosons decay into the ψ fermions provided their mass is more than twice the mass of the lightest ψ particle.
The visible sector
The vector-like fermions f are SM-gauge-neutral additions to the visible sector, whose role is to transfer the X-asymmetry held initially by the generative ψ fermions into a lepton asymmetry in the visible sector, via the interactions
The lepton asymmetry, if carried by SU(2) L charged fields, is processed at temperatures above the electroweak phase transition by electroweak sphalerons, and results in a visible baryonic asymmetry. The fermions f are thus required to have mass greater than the electroweak scale, so that they decouple, decay and transfer all of the L 1 charge to the SM leptons, which couple to the weak interactions, before the electroweak phase transition. They decay via the modes
with rate
where the factor of six is due to the two decay channels for each of the three families. We therefore require
The fermions f R couple in the same way as right-handed neutrinos to SM fields, but they do not play the same role. In the absence of a neutrino mass generation mechanism, one linear combination of f L and ν L remains massless and must be identified with the physical lefthanded neutrino prior to neutrino mass generation. Below the electroweak phase transition, the relevant interactions from Eq. (3.7) become:
with θ 2 = y 2 1 v 2 H /2m 2 f being the mixing parameter between f and ν. Accelerator bounds require θ 2 < 10 −3 for m f 1 GeV [96] , which means we must require
The lower and upper bounds (3.10) and (3.13) allow for a large range of acceptable y 1 values, for a given m f . Through the decays of f , the (B − L) 1 charge has now been transferred to the SM sector, and is reprocessed by sphalerons into a baryon asymmetry,
where c ≈ 0.3 [97] , and the story in the visible sector is complete. The final visible matter relic abundance is
where s is the total entropy of the universe today.
The dark sector
The X asymmetry is transferred to the dark sector particles via the scalar χ. The relation between the visible and dark sector asymmetries given in Eq. (2.2) prescribes a relation between the VM and DM relic number densities only if the symmetric thermal population of the DM particles is efficiently annihilated. For this purpose, the DM annihilation cross section has to exceed the canonical value of symmetric thermal WIMP DM, albeit only by a factor of a few [73] . However, effective interactions which would annihilate DM into light visible sector particles are typically constrained to be weaker than the weak force, and thus not sufficient for this purpose [98] [99] [100] . This is, for example, the case with the gauged B − L, which is already present in our model. 4 The above considerations compel the existence of a dark gauge force and the annihilation of DM into dark-sector radiation. We thus extend the dark sector by two Dirac fermions ξ and ζ, which are also charged under the dark gauge group U(1) D . This force need not be 4 We note that collider constraints on a Z ′ B are much weaker [101] , and it is possible that such a force could be employed in this and other baryon-symmetric scenarios, and provide efficient annihilation of DM. However, this would require the existence of exotic quarks cancelling the [SU(2) L ] 2 × B1 anomaly.
spontaneously broken, and in that sense is a dark-sector analogue of electromagnetism. In addition to the U(1) D gauge force, the dark sector physics is given by
where V χ is the scalar potential of χ and we require that χ has a zero VEV. In Eq. (3.16), we introduced bare masses for the fermions, which will eventually be determined by the requirement of getting the correct DM mass density from the dark asymmetry of Eq. (2.2). It is presumed that the DM mass scale arises from some other physics (e.g Higgs mechanism, confining force), which we do not specify here. The χ particles decouple, decay and transfer the X asymmetry into the ξ, ζ fermions of the dark sector via Eq. (3.16), at rate
The asymmetry transfer, as well as the DM annihilation and decoupling, have to be completed before matter-radiation equality, so that DM density perturbations can begin to grow. This puts only a very weak constraint on the Yukawa coupling
The three Dirac fermions ξ 1,2 and ζ are stable 5 and carry all of the antibaryonic asymmetry. After they become non-relativistic, their symmetric thermal populations annihilate away via the unbroken U(1) D force.
We now calculate the relic DM mass density, and compare it with the VM. The SU(2) G global symmetry sets η(ξ 1 ) = η(ξ 2 ) ≡ η(ξ). The conserved the B 2 and D charges are
Equations (3.19) and (3.20) yield
The dark matter relic abundance is
Equations (3.15) and (3.22) give 23) which predicts that the masses of the DM particles should satisfy 6
We note that Eq. (3.21), and therefore the prediction of Eq. (3.24), would not change if we had shifted the B 2 charges of the ξ, ζ fermions by the same amount. This would in fact be equivalent to kinetic mixing of U(1) D with U(1) B−L .
In the above we showed that, in this model, the DM is antibaryonic and consists of thē ξ 1,2 , ζ fermions. Due to the unbroken U(1) D , these particles combine in the late universe into two kinds of D-neutral hydrogen-like bound states,ξ 1 ζ andξ 2 ζ after the decoupling of the D-photons. In this imagined world, the DM today is "atomic" as well as asymmetric. Atomic DM entails interactions that are more complicated than those of WIMP DM, and is subject to constraints from cosmological and astrophysical considerations. We discuss pertaining bounds in section 4.
Despite the B 2 violation necessary to generate the dark baryonic asymmetries, the exact stability of DM is guaranteed by a discrete remnant of B 2 respected by the generative sphalerons. The latter violate X by 4 units: 
Gauged B − L and its spontaneous breaking
As discussed in section 2, baryon-symmetric models rely on the existence of an always conserved particle number, what we called here B − L, under which both nucleons and dark matter are charged. In gauge theories, global symmetries of low-energy effective models are expected to be violated at some higher scale, and ultimately by gravity. The exact conservation of a charge is thus considered technically natural if it can be ascribed to a gauge symmetry. 7 If the conservation of B − L is attributed to it being gauged, then it also has to be broken to be consistent with the non-observation of a long-range force. The minimal way to do this is to introduce a scalar σ which has a nonzero B − L but which transforms trivially under all the other symmetries, and require it to acquire a nonzero VEV. Here, we require that the breaking of the gauged B − L leaves a global symmetry unbroken, under which all the particles of Table 1 and the SM carry their usual B − L gauge charges. To achieve this, we disallow Yukawa interactions of the following kind: σ n O B−L , with n any positive integer and O B−L being a spin-0 monomial consisting of SM fields and the fields of Table 1, which carries B − L = 0 and is invariant under all other symmetries (including X). Such a Yukawa coupling would break the global B − L we wish to retain upon σ developing a VEV.
This structure, which allows for the breaking of a local U(1) to a global remnant, can be also described as follows: the gauge symmetry encompasses two global U(1) symmetries, only one of which breaks spontaneously and gives mass to the gauge boson. In our example we can write
The SM and the particles of Table 1 
are forbidden by gauge invariance, and the B ′ symmetry is preserved up to interactions of at least order 5. Additional conditions arise if we require B ′ to be respected by higher-order operators. 8 The order at which B ′ emerges as a global symmetry of the unbroken theory, is, of course, the order at which (B − L) global is retained after σ acquires a VEV and breaks the gauged B − L.
When the scalar σ acquires a nonzero VEV v σ , the gauge boson [101] . We discuss the scale of B − L breaking in the next section, in association with the generative and the electroweak phase transitions.
The scalar degrees of freedom
Our model contains several scalar degrees of freedom: ϕ, σ, χ and the SM Higgs H. All of them are subject to their scalar potentials, which at tree-level and zero temperature are
26)
27)
28)
L and carry no gauge charge other than B − L = 0. However, they also carry X charge. Since we have chosen to impose a global U (1)X symmetry (see section 3.1 and footnote 3), under which σ does not transform, we need not consider these monomials here. However, considering them would only imply q B−L (σ) = ±1/2, ±1, ±2.
We want the fields ϕ, σ, H to acquire VEVs and break the generative, B − L and electroweak symmetries, while χ should not acquire a VEV (thus leaving B 2 unbroken). We therefore require µ 2 ϕ , µ 2 σ , µ 2 H , µ 2 χ > 0. The full scalar potential of the theory also contains terms that couple the various scalar particles together After the ϕ, σ, H fields acquire VEVs, the mixed quartic couplings generate mass contributions for all the scalars, m 2 ind ∼ λ mix v 2 , and induce mixing among the ϕ, σ, H fields. The requirement that χ does not acquire a VEV becomes µ 2 χ + λ ϕχ v 2 ϕ + λ σχ v 2 σ + λ Hχ v 2 H > 0. We may discern two cases, depending on the relative magnitudes of λ mix and λ self :
This regime can arise naturally from an underlying supersymmetric dynamics for mixing between fields with no gauge interactions in common; in particular, zero mixing follows for the D-term contributions to the potential.
For this case, the mass contributions induced by symmetry breaking are much smaller than the mass-parameters in the Lagrangian, m 2 ind ≪ µ 2 , and the mixing among the scalar degrees of freedom that acquire VEVs is
The phase transitions which break the various symmetries proceed independently, and a hierarchy of scales can be accommodated. We require 32) such that the X asymmetry generation occurs above the electroweak phase transition, allowing for leptonic couplings to be employed for the transfer of the asymmetry from the generative sector to the relic visible sector particles, as in the example presented here 9 . While the χ field does not strictly need to be lighter than the generative sector particles, this would allow for unsuppressed decay of the ψ fermions. However, the decay of ψ can also proceed via an off-shell χ at a sufficient rate, if this is kinematically necessary.
For λ mix 10 −6 , the mixed quartic couplings cannot keep the various sectors in equilibrium, but they may contribute to the scalar decay width significantly.
(ii) Significant mixing, λ mix ∼ λ self . This is the most generic possibility in non-supersymmetric models and if the scalars are fundamental particles.
The induced mass contributions from symmetry breaking are large, and as a result they balance the various scales involved. Only small hierarchies among scales can be sustained, and we assume that
The mixing between the scalar degrees of freedom which acquire VEVs is significant. This is of particular importance for collider physics, as it relaxes the limits on the SM Higgs mass, both because of suppression in the Higgs production cross-section in colliders, and suppression in the Higgs decay branching fraction into SM states.
The couplings of Eq. (3.30) contribute to the thermalisation and decay processes among the various sectors, which can be important for the cosmological viability of the model, as we now discuss.
Cosmological and astrophysical constraints
We now turn to examining some aspects of the cosmology of our model arising from the existence of a dark sector with several stable particle species and internal dynamics. Depending on whether the scalar coupling λ Hχ is small or large, as discussed in the previous section, the dark and the visible sectors decouple at a temperature
Below T dec the visible and dark sectors are in equilibrium within themselves, but have different temperatures T 1 and T 2 , respectively. Entropy conservation relates their temperatures according to
where g 1 (g 2 ) is the number of relativistic degrees of freedom (d.o.f.) in the visible (dark) sectors. As the universe evolves after visible-dark-sector decoupling, the ratio of temperatures changes from unity as mass thresholds are crossed, particles become cold and cause the g's to decrease. We use Eq. (4.2) to express the entropy and the energy density of the universe, and other related quantities, at any point after T dec , in terms of either T 1 or T 2 .
BBN and WMAP
We must ensure that the energy density due to relativistic dark-sector species does not spoil big bang nucleosynthesis (BBN) and WMAP measurements. The observational limit on the additional relativistic energy density at temperatures 1 MeV is customarily expressed through an "effective number of extra neutrino species", δN eff . Recent BBN analysis [102] suggests δN eff 1 at 95% C.L., while the current best fit from WMAP is δN eff = 1.34
at 68% C.L. [103] . For our purposes, we use δN eff 1. The relativistic energy density carried by the dark sector depends both on the number of relativistic d.o.f. and on the temperature of the dark sector. The dark-sector temperature can be lower than that of the visible sector if the fraction of relativistic d.o.f. which decouple and release their entropy below T dec is larger in the visible sector than in the dark sector, as exhibited by Eq. Table 1 has a total g 2 of 16.5, so it satisfies the bound.
If the mixing couplings in the scalar potential of Eq. (3.30) are large, the visible-darksector decoupling happens below the electroweak phase transition, when the SM Higgs, the top quark and the f fermions have decoupled and g 1,dec = 92.75. Because of the large scalar mixing coupling, χ also has an electroweak-scale mass and is decoupled, leaving g 2,dec = 12.5. The bound of Eq. (4.3) now reads g 2,dec 15.6, and is again satisfied.
Any additional heavy particles in the visible sector would allow for additional dark degrees of freedom.
Dark recombination and residual ionisation
The dark matter of our model consists of theξ 1,2 , ζ fermions which carry U(1) D charge. They form Hydrogen-like statesξ 1 ζ andξ 2 ζ, thus screening the long-range force among the DM particles. We have to ensure that the dark recombination,ξ + ζ → H D + γ D , occurs before the matter-radiation equality, so that the D-neutral DM states can start clustering and density perturbations can begin to grow. To estimate the recombination time and the residual ionisation fraction, we employ a simple thermal equilibrium and freeze-out calculation. 10 The dark baryon density and ionisation fraction are
where n(ξ) = n(ξ 1 ) + n(ξ 2 ) and similarly for the dark Hydrogen states. The dark baryon asymmetry is fixed by the observed visible baryonic asymmetry
The (ground-state) binding energy of the dark Hydrogen is
where α D is the U(1) D fine-structure constant and µ D is the ζ,ξ reduced mass. In what follows, we adopt the ratio
as our time parameter (with T 2 being the dark-sector temperature). As long as the recombination reactionsξ + ζ ↔ H D + γ D are in equilibrium, the Saha equation gives the ionisation fraction
where we have taken the limit X ζ ≪ 1, and defined for convenience Dark recombination has to happen before matter-radiation equality, at visible sector temperature T 1 ≈ 1 eV, which is ensured for sufficiently large dark-Hydrogen binding energy or reduced mass
This lower limit on the ζ, ξ reduced mass µ D is much smaller than the sum of masses m ζ + m ξ ≈ 1.5 GeV (see Eq. (3.24)), and implies that the lightest of the ξ, ζ fermions should be at least as heavy as µ D .
In the above analysis we assumed that the recombination reactionsξ + ζ ↔ H D + γ D stay in equilibrium at least till the ionisation fraction drops to about 10%. We now discuss the constraints under which this holds, and what is the residual dark ionisation, after the freeze-out of the recombination reactions.
The thermally averaged cross-section of the recombination reactions is [105] σv =c 64π √ 27π
withc ≃ 0.448. Note that recombination proceeds primarily into the first excited state of the dark Hydrogen, which then decays into the ground state. Freeze-out occurs when H = σv n(ζ). Assuming radiation-domination, which is required for the pre-dark-recombination era, this condition yields the time at which the ionisation fraction freezes out
where we have defined Equations (4.12) and (4.18) summarise the mild constraints that arise from requiring that long-range self interactions of the DM are sufficiently screened in the early stages of gravitational collapse to allow for clustering and the formation of inhomogeneities. These estimations are consistent with more detailed numerical methods [106] .
Dark-matter self interaction inside clusters
If dark matter is atomic, then atom-atom collisions can be important inside galaxies and clusters. Analyses of the Bullet Cluster bound the DM self-interaction [107, 108] by
The low-energy atom-atom cross section can be estimated as [104] σ ≈ 4πk [109] [110] [111] [112] [113] [114] . In models in which the DM is antibaryonic, the Z ′ B−L is common to both the visible and the dark sectors, and this modifies its phenomenology in interesting ways. If produced in colliders, it will have a significant decay width into darksector particles, which can be measured at the LHC [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] providing an important probe of the dark sector.
The class of models we have considered entails an enhanced Higgs sector, which provides promising signatures at the LHC. The various Higgs degrees of freedom mass mix, and thus share production and decay channels. The coupling of the electroweak-breaking Higgs to the (B − L)-breaking Higgs provides another probe of the baryonic dark sector. While this is generic in baryon-symmetric models, the mechanism presented here also predicts the existence of a third Higgs particle which breaks the generative symmetry. The generative sector connects the visible and the dark sectors, and if a Higgs state with a significant generativesector component is produced at the LHC, it will decay into multilepton/multijet final states and missing energy. For example, for the particular implementation of the mechanism we presented here, the decay chain of interest would be
where the intermediate ψ, f and χ particles can be off-shell. The SM gauge bosons can be identified either by their leptonic decays, resulting in high lepton multiplicity, or by their hadronic decays, resulting in high jet multiplicity and allowing the missing energy to be attributed completely to the dark sector. If the generative sector coupling to the visible sector is baryonic rather than leptonic (e.g. via the neutron portal u c R d R d c R f R ), then the multiplicity of jets in the final state increases. Such a signature has low SM background. It also has the potential to be distinguished from other beyond SM processes (e.g. susy) using the topology of the process and the kinematics reflecting light final dark-sector particles.
We emphasise that such processes are very different from the Higgs decaying part of the time invisibly, purely into missing energy (dark-sector particles). The latter possibility is often encountered in extensions of the SM. However, in the present model the Higgs is decaying into visible and dark-sector particles simultaneously, which is indicative of the symmetry structure of baryon-symmetric models.
Because of their couplings to the dark sector, the collider bounds on the Z ′ B−L and the Higgs bosons are relaxed. This is due to suppressed decay branching ratios into SM particles, as well as suppressed production cross-sections in the case of the Higgs. A potential discovery of a Higgs state in the SM-excluded mass range would signal the existence of additional scalar degrees of freedom.
Dark-matter direct detection
For the minimal dark sector constructed here, dark matter can be detected via Z ′ B−L exchange. The spin-independent scattering cross section per nucleon can be as high as 11
where we have used m DM = 1.5 GeV. For such low DM masses there are no constraints from XENON100 [123] or CDMS II [124] . An additional possibility for direct detection arises if U(1) D is broken and mixes kinetically with the photon. The cross section can be
This could account for the regions favoured by DAMA and CoGeNT [125, 126] if the DM mass is somewhat higher than what is predicted here. This is possible in a richer dark sector in which the DM particles carry a larger baryonic charge (making their number density smaller and their mass larger). We note that a broken U(1) D provides a suitable dark-sector scenario for our mechanism, provided that the corresponding gauge boson is sufficiently light, M D < m ζ ∼ GeV, such that the DM particles can still annihilate into dark photons. Efficient annihilation of the symmetric part of DM requires only g D 0.05. For M D ∼ 100 MeV, the kinetic mixing between U(1) D and the photon can be ǫ ∼ 10 −4 (for constraints on ǫ, M D see [127, 128] ). In this case, the dark gauge bosons Z ′ D decay as soon as they decouple, via the kinetic mixing into e ± pairs, leaving no dark-sector relativistic energy density present at BBN. The breaking of U(1) D can destabilise one of the dark-sector particles (ξ or ζ, depending on the mass hierarchy), while B 2 still ensures the stability of the other, which alone constitutes the DM state. There is no long-range force among the DM particles, and the astrophysical constraints of section 4 are not applicable. The kinetic mixing between the dark force and the photon can be probed in current fixed target experiments [127, 129] .
Conclusions
The similar mass densities of the visible and the dark matter of the universe suggest a common origin for both. This can be realised in the context of a baryon-symmetric universe, which entails a dark-sector asymmetry that exactly cancels the visible-sector asymmetry. While this approach is primarily phenomenological, such a construction is also economical in that the new physics introduced to generate the observed baryonic asymmetry of our universe is also responsible for the dark-matter relic abundance. The dark sector itself need not involve more than few degrees of freedom, although a greater complexity is a priori possible, and surely not unparalleled given the complexity of the visible sector.
In this work, we have shown that a baryon-symmetric universe can be achieved through a first-order phase transition associated with the spontaneous breakdown of a new gauge force called the "generative" interaction. The possibility analysed here adds to other mechanisms suggested for producing a baryon-symmetric universe [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . We have presented a specific and 11 The direct-detection cross section can be larger if DM scattering occurs via exchange of Z minimal dark sector to demonstrate that a viable model of this type exists. This dark-sector example features an unbroken Abelian gauge interaction -a dark-sector electromagnetismto annihilate the symmetric part of the dark plasma, and which leads in the later universe to "atomic" dark matter. The stable dark matter fermions form two-body bound states because of the Coulomb interaction of the dark electromagnetism. We have then derived constraints on this dark sector from big bang nucleosynthesis, structure formation and the Bullet Cluster, and have specified the viable parameter space.
A major phenomenological benefit of baryon-symmetric models, including the one being described here, is the natural appearance of a Z ′ with a substantial invisible width into dark matter. The discovery of such a particle at the LHC would be an extraordinary breakthrough in understanding dark matter. At low energies, the contact interaction provided by Z ′ exchange can also produce a signal in direct dark matter detection experiments.
The specific realisation developed here is best probed in colliders through the scalar sector. In addition to the standard electroweak Higgs boson, there is also a scalar that breaks U(1) B−L and another multiplet that breaks the generative symmetry and produces the first-order phase transition that is at the heart of the dynamics. Naturalness arguments suggest that the generative scalar should mix substantially with the standard Higgs particle. Such a mass eigenstate can be produced at the LHC through the standard Higgs admixture, but decay through the generative component. This leads to low-background signatures of multilepton final states or a lepton pair and four jets, plus missing energy carried off by dark sector particles.
We note that the complete explanation of the similarity of the visible and dark mass densities requires a theory of DM mass. In baryon-symmetric models the DM mass is predicted to be in the GeV range. The DM direct detection signals seen by DAMA, CoGeNT and CRESST, albeit in need of confirmation, provide evidence for this mass scale and reinforce the case for similar visible and dark number densities.
